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Abstract 

We have discovered a molecular dome-like feature towards 355° < / < 359° and 
0° <b < 2°. The large velocity dispersions of 50-100 km s~^ of this feature are much 
larger than those in the Galactic disk and indicate that the feature is located in the 
Galactic center, probably within ~ 1 kpc of Sgr A*. The distribution has a projected 
length of ~ 600 pc and height of ~ 300 pc from the Galactic disk and shows a large- 
scale monotonic velocity gradient of ~ 130 km s~^ per ~ 600 pc. The feature is also 
associated with Hi gas having a more continuous spatial and velocity distribution 
than that of ^^CO. We interpret the feature as a magnetically floated loop similar 
to loops 1 and 2 and name it "loop 3". Loop 3 is similar to loops 1 and 2 in its 
height and length but is different from loops 1 and 2 in that the inner part of loop 3 
is filled with molecular emission. We have identified two foot points at the both ends 
of loop 3. Hi, ^^CO and ^^CO datasets were used to estimate the total mass and 
kinetic energy of loop 3 to be ~ 3.0 x IO^Mq and ~ 1.7 x 10^^ ergs. The huge size, 
velocity dispersions and energy are consistent with the magnetic origin the Parker 
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instability as in case of loops 1 and 2 but is difficult to be explained by multiple 
stellar explosions. We argue that loop 3 is in an earlier evolutionary phase than loops 
1 and 2 based on the inner-ffiled morphology and the relative weakness of the foot 
points. This discovery indicates that the western part of the nuclear gas disk of ~ 1 
kpc radius is dominated by the three well-developed magnetically floated loops and 
suggests that the dynamics of the nuclear gas disk is strongly affected by the magnetic 
instabilities. 

Key words: Radio lines: ISM — ISM: clouds — ISM: magnetic fields — magnetic 
loops 

1. Introduction 

Molecular clouds are the sites of star formation and the distribution and dynamics of 
molecular gas should play a crucial role in the evolution of the Galaxy. Such evolution may 
occur in different manners between the Galactic center and disk because the stellar gravitational 
filed is considerably different between them, making the pressure much stronger in the central 
region than in the disk. It is important to understand the physical implications of the difference 
in our efforts to elucidate galactic structure and evolution. 

Most of the molecular gas in the Galactic center is concentrated within about 300 pc 
of the Galactic center and is called the "Central Molecular Zone" (hereafter CMZ, Morris & 
Serabyn 1996) including the Sgr A and B2 molecular clouds (e.g., Scoville et al. 1975; Fukui 
et al. 1977; Glisten & Henkel 1983; Oka et al. 1998b; Tsuboi et al. 1999; Martin et al. 2004; 
see also for a recent review. Glisten & Philipp 2004). There are also molecular features with 
weaker intensities outside the CMZ up to nearly 1 kpc from the center. They include Clump 
1 at (/, b) ~ (355°, 0°), Clump 2 at (/, b) ~ (3°, 0°) and the 5-deg feature at (/, b) ~ (5°, 0°) 
(Bania 1977) and at least several weak CO emission features detected at a lower resolution 
of 8'.8 (Dame et al. 1987; Bitran et al. 1997). These features outside the CMZ received little 
attention so far. 

Most recently, Fukui et al. (2006) discovered molecular features, loops 1 and 2, having 
negative velocities in 355° < / < 358° and 0° < 6 < 2° based on an analysis of the NANTEN 
Galactic plane survey CO dataset. These loops have heights of ~ 2 degrees from the galactic 
plane and the projected lengths of ~ 3-4 degrees. The loops have two foot points that are 
brightest spots in the CO emission on each end at galactic latitudes around ~ 0.8 degrees. The 
velocity dispersions of the molecular gas are ~ 50 km s~^ in the foot points; such dispersions 
are characteristic to the molecular gas in the Galactic center but is much larger than those 
of the disk molecular clouds whose velocity spans are less than ~ 10 km s~^. Fukui et al. 
(2006) present discussion that the loops cannot be due to supershells, because the velocity 
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distribution does not fit what is expected for an expanding shell. Instead, the two loops are 
interpreted by magnetic flotation caused by the Parker instability (Parker 1966), where the foot 
points are a natural outcome of the flotation; the gas falls down along the loops to form shock 
fronts with enhanced intensity and large velocity dispersion. Theoretical studies of magneto- 
hydrodynamics (MHD) indeed show that a magnetic flotation loop with two foot points is a 
general phenomenon in a galaxy (Matsumoto et al. 1988; Fukui et al. 2006). It is now an issue 
of keen interest if there are more magnetically floated features in the rest of the Galactic center 
and if the magnetic instability is a mechanism which dominates the gas dynamics in the Galaxy. 

In the CMZ, the molecular gas shows high temperatures and violent motions. The 
temperature is derived to be ~ 50-300 K using CO, NH3, H2, B.^ lines (Martin et al. 2004; 
Hiittemeister et al. 1993; Rodriguez- Fernandez et al. 2001; Oka et al. 2005). The velocity 
dispersion is 15-50 km s~^, which is signiflcantly larger than that in the molecular clouds in the 
Galactic disk (e.g., Morris & Serabyn 1996; Glisten & Philipp 2004). The causes of the high 
temperatures and large velocity dispersions have been the longstanding puzzles in the last few 
decades. The magnetic fleld is as strong as 0.1-1 mG as observed and/or suggested by Radio 
Arc and other non-thermal fllaments which are distributed within 1 degree of the center, often 
vertically to the Galactic plane (Yusef-Zadeh et al. 1984; 2004) and by the infrared double 
helix (Morris et al. 2006). The magnetic flotation model has a potential to offer a coherent 
explanation on the origin of the high temperature and large velocity dispersion of molecular 
gas in the Galactic center as argued by Fukui et al. (2006). 

Subsequent to the discovery of loops 1 and 2 in a negative velocity range with respect 
to the local standard of rest (LSR) towards 355° < / < 358° and 0° < 6 < 2°, we have searched 
for other loop-like molecular features with the NANTEN Galactic plane survey (GPS) ^^CO 
(J = 1-0) dataset and discovered another loop towards 355° < / < 359°, 0° < 6 < 2° (hereafter 
loop 3) in a positive velocity range. We hereafter use the word "velocity" to refer to the velocity 
with respect to LSR. In this paper, we present results on a newly identifled molecular loop 3 
towards the same fleld with the loops 1 and 2 based on the NANTEN CO dataset. Section 2 
describes the ^^CO and ^'^CO (J =1-0) dataset. General properties of magnetic flotation loops 
are presented both theoretically and observationally in section 3. Section 4 presents results and 
discussion is given in section 5. Section 6 summarizes the paper. 
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2. Data set 



2.1. ^^CO (J =!-()) emission 

The ^^CO (J = 1-0) dataset towards the Galactic center region was taken with the 
NANTEN 4-m radio telescope at Las Campanas Observatory in Chile during the period from 
March 1999 to September 2001. The half-power beamwidth (HPBW) was 2f6 at 115 GHz, the 
frequency of ^^CO (J = 1-0). The front end was a 4 K cryogenically cooled Nb superconductor- 
insulator-superconductor (SIS) mixer receiver (Ogawa et al. 1990) that provided a typical sys- 
tem temperature of ~ 280 K in the single-side band, including the atmosphere towards the 
zenith. The spectrometer was an acousto-optical spectrometer (AOS) with 2048 channels. The 
frequency coverage and resolution were 250 MHz and 250 kHz, corresponding to a velocity 
coverage of 650 km s~^ and a velocity resolution of 0.65 km s~^, respectively, at 115 GHz. The 
intensity calibration was made using the chopper- wheel method (Kutner & Ulich 1981). The ab- 
solute antenna temperature was calibrated by observing p Oph East [RA(1950) = 16^29™20f9, 
Dec(1950) = — 24°22'13"] every 2 hours, whose absolute temperature was assumed to be 15 
K. The telescope pointing was measured to be accurate to within 20" by radio observations of 
planets in addition to optical observations of stars with a CCD camera attached to the tele- 
scope. The observed region was 240 deg^ towards —12° < / < 12° and —5° < 6 < 5° at a grid 
spacing of 4', corresponding to 10 pc at a distance of the Galactic center, 8.5 kpc. In total, 
54,000 positions were observed. The integration time per point was 4-9 s, resulting in typical 
r.m.s. noise fluctuations of 0.36 K at a velocity resolution of 0.65 km s~^. 

2.2. CO (J =1-0) emission 

The ^'^CO (J = 1-0) dataset towards the Galactic center region was taken with the same 
instrument as the ^^CO {J = 1-0) observations in October 2003. The half-power beam width 
(HPBW) was 2'.7 at 110 GHz, the frequency of ^^CO (J = 1-0). The same receiver provided 
a typical system temperature of ~ 100 K in the single-side band, including the atmosphere 
towards the zenith. The same spectrometer provided the frequency coverage and resolution, 
250 MHz and 250 kHz, corresponding to a velocity coverage of 620 km s~^ and a velocity 
resolution of 0.62 km s~^, respectively, at 110 GHz. The absolute antenna temperature was 
calibrated by observing p Oph East [RA(1950) = 16^29'^20f9, Dec(1950) = -24°22'13"] every 
2 hours. Absolute radiation temperature of p Oph East was assumed to be 10 K. The observed 
region was 28 deg^ towards —6° < / < 8° and —1° < 6 < 1° at a grid spacing of 2'. In total, 
25,200 positions were observed. The integration time per point was 10-15 s, resulting in typical 
r.m.s. noise fluctuations of 0.20 K at a velocity resolution of 0.62 km s~^. 
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3. General Properties of Magnetic Flotation Loops 

3.1. Theories 

Pioneering theoretical studies of galactic magnetic-floatation loops by the Parker in- 
stability were made by Matsumoto et al. (1988) and Horiuchi et al. (1988). The magnetic 
flotation is a general consequence of the Parker instability where the gas layer is supported 
by the stratifled magnetic fleld lines, whose pressure is in balance against the stellar gravity. 
The two basic parameters in the instability are the pressure scale height H and the Alfven 
speed Va = -B/ -\/47rp, where B is the magnetic fleld and p is the gas density. The height and 
wavelength of the loop are given by a few times H and A = 10 times scale height, respectively. 
Such magnetically floated loops cause gas flows downward along the magnetic flled lines to the 
nuclear disk, causing often shock fronts (Matsumoto et al. 1988). 

Fukui et al. (2006) presented an interpretation that molecular loops 1 and 2 are created 
by the Parker instability in the magnetized nuclear disk and estimate that the fleld strength 
is 150 /iG at 400-500 pc from the center by assuming the energy equi-partition between the 
turbulent gas motion and the magnetic fleld. These authors made a two-dimensional numerical 
simulation of loops 1 and 2 and showed that the two loops are successfully reproduced by the 
magnetic flotation mechanism. 

Subsequently, Machida et al. (2009) carried out three-dimensional global numerical sim- 
ulations of the nuclear gas disk and showed that the magneto-rotational instability coupled with 
the Parker instability works to create more than a few 100 loops over a Ikpc-radius nuclear 
disk, where Miyamoto-Nagai potential (Miyamoto & Nagai 1975) was adopted as the stellar 
gravitational fleld. 

The numerical simulation indicates general aspects of the magnetic floatation. The 
differential rotation in the nuclear disk creates toroidal magnetic fleld. This initially-azimuthal 
fleld conflguration tends to have radial components by the magneto-rotational instability which 
mixes the gas and fleld at different radii. The molecular gas is dynamically coupled to the 
magnetic fleld because the molecular part of the disk is ionized at an ionization degree of 
~ 10"'' by cosmic ray protons (e.g.. Glisten & Philipp 2004). Therefore, the gas is floated when 
a magnetic fleld is floated as a loop. The gas inside the loop flows down to the disk under 
the influence of the disk gravity, forming a uniform velocity gradient along the loop. This 
down flowing gas collides with the disk and often forms shock fronts with enhanced turbulent 
motions. The gas in the foot point is heated and compressed by the shock fronts. Therefore, 
the magnetic floatation offers a coherent explanation both on the large velocity dispersions and 
high temperatures of the nuclear gas disk. 

Machida et al. (2009) have also shown that one-armed non-axisymmetric density pattern 
of m = 1 mode is developed in the nuclear disk. In the low density region, half of the nuclear 
disk, magnetic pressure tends to become stronger and prominent magnetic loops are formed 
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preferentially there as compared to the higher density region on the opposite side of the nuclear 
disk. This fact is consistent with the observational results that about three-fourths of the dense 
molecular gas, CMZ, is distributed in the positive Galactic longitudes and two loops, loops 1 
and 2, are distributed in the negative Galactic longitudes. 

3.2. Observational Properties of Loops 1 and 2 

Fukui et al. (2006) analyzed the NANTEN Galactic plane survey dataset and revealed 
that two molecular loops having negative velocities are located towards 355° < / < 358° and 
0° < 6 < 2°. These loops have heights of ~ 2 degrees from the galactic plane and the projected 
lengths of ~ 3-4 degrees. The loops have two foot points that are brightest spots in the CO 
emission on each end at Galactic latitudes around ~ 0.8 degrees. The velocity dispersions of 
the molecular gas in the loops are ~ 50 km s~^ at the foot point of loops, which is characteristic 
to the molecular gas in the Galactic center and much larger than that of the disk molecular 
clouds whose velocity spans are less than ~ 10 km s~^. Also, the loops show fairly uniform 
velocity gradients along themselves over a velocity span of ~ 80 km s~^. It is likely that the 
two loops are located in the Galactic center because the large velocity dispersions are typical 
to the inner several degrees. These loops are interpreted by magnetic flotation caused by the 
Parker instability. 

Here, we summarize observational signatures of the magnetic floatation loops; (1) 
Molecular gas is floated from the Galactic plane in a loop-like shape, (2) The loop has two 
foot points at the both ends which have enhanced velocity dispersions, (3) The floated com- 
ponent which connects the foot points shows a monotonic velocity gradient as a result of the 
flowing down motion along the loop. We have searched for molecular features which satisfy 
these observational properties in the NANTEN GPS dataset. 
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4. Results 



4.1. CO (J =!-()) distributions 

Figure lb shows the large-scale distribution of the ^^CO (J = 1-0) emission in an area of 
350° < / < 10° and —5° < 6 < 5° in 20 km s"^ <V < 300 km s~^ Figure 3 focuses on an area of 
354° < / < 0° and — 1° < 6 < 2°. We see that an elevated dome- like feature of ~ 4 degree extent 
in / and ~ 2 degree height in h with relatively weak intensity is dominant in the region (Figure 
3a) and this feature has a velocity gradient as seen in a longitude velocity diagram (Figure 3b). 
The dome-like elevated feature is also recognized in latitude- velocity diagram (Figure 3c). We 
here identify the dome-like feature as loop 3. 

The strong emission at 359° < / < 0° and 6 = 0° is part of the CMZ. The feature at 
km s~^ < y < 60 km s~^ is part of CMZ, and the other at 110 km s~^ <V< 200 km s~^ is 
part of the expanding molecular ring (EMR) (see Morris & Serabyn 1996). Clump 1 (Bania 
et al. 1986) is located at 354?3 < / < 355?3 and 0° < 6 < 1°. In addition, we note three broad 
features of 50-100 km s'^ linewidths locahzed towards (355?4 < / < 355?7, 0?4 < 6 < 0?9), 
(355.°8 < / < 356?0, 0?7 < 6 < l?2) and (358?0 < / < 358.°2, 0.°5 <h< 0.°9). We identified such 
broad linewidth features as clumps using the following criteria: (1) find a peak position in 
longitude- velocity diagram (Figure 3b), (2) draw a contour at a level of two thirds of the peak 
integrated intensity, (3) draw a contour at a 3 a noise level (10.4 K km s~^) in the longitude 
latitude map and identify contiguous points as a clump, (4) exclude the position identified as a 
clump in procedure (3) and go back to procedure (1) if further peak position exists. By using 
these criteria, we have identified 5 clumps. 4 clumps are localized within 0.°4 towards longitude 
direction as listed in Tables 1 and 2. 

Broad linewidths such as 50 km s~^ are much larger than that of disk molecular clouds. 
They are also significant larger than those of the near and far sides of the 3 kpc arm of ~ 10 km 
s~^ that are located at 3.5 kpc away from the center (Dame & Thaddeus 2008; see also Bania 
1980; 1986). The large velocity spans of loop 3 are similar to the molecular gas in CMZ rather 
than the 3 kpc arm molecular gas and we suggest that loop 3 is located near the Galactic center 
and probably within ~ 1 kpc of Sgr A*. Therefore, we assume that these molecular features 
are located in the Galactic center and adopt a distance of 8.5 kpc, hereafter. The projected 
length of loop 3 is ~ 600 pc and the height is ~ 300 pc from Galactic plane. 

More details of the ^^CO distribution are shown in Figure 4 as a series of velocity 
integrated distributions every 10 km s~^. We see that ^^CO emission in loop 3 shifts from the 
smaller longitude side to the larger longitude side as the velocity becomes larger. In addition. 
Figure 4 shows two mini-loop features at 356?5 < / < 357?5 and 0?2 < fe < 1?6 in the 100-110 
km s-i panel and at 357.°0 < / < 358.°2 and 0.°5 < 6 < l.°3 in the 120-130 km s"^ panel. 

Figure 5 shows a distribution of the velocity centroid of the ^^CO emission, where the 
velocity centroid is the averaged velocity with intensity-weighting at each position. This clearly 
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indicates the velocity gradient over the dome-hke feature at 30-130 km over ~ 3 degrees. 
Figure 6 shows ^^CO (J = 1-0) distribution. The ^'^CO is generally weak by a factor of 5-6 or 
more than ^^CO. The ^^CO data were used to estimate the molecular mass in section 4.3. 

4-2. Comparison with Hi 

We next compare the CO with Hi in Figure 7. The same CO distributions in Figure 
3 are overlaid with the Hi distribution at a 16' effective resolution taken with the Parkes 64 
m telescope (McClure- Griffiths et al. 2005). The Hi distribution in intensity and velocity are 
basically consistent with CO while the Hi is more continuously distributed than the CO and 
is apparently enveloping the CO. 

4-3. Mass Estimates 

The total molecular mass of loop 3 is estimated using the X-factor, which is the empirical 
conversion factor from ^^CO integrated intensity to molecular hydrogen column density: 

X = N{}i2)/W (1) 

where A^(H2) is the molecular hydrogen column density in cm~^ units and W is the ^^CO 
integrated intensity in K km s~^ units. As we see in Figure 3b and c, ^^CO emission is 
distributed uniformly in the region of V < 30 km s~^. In this low velocity range, the foreground 
emissions are significant and the integrated range is set to 30 km s~^ < V < 200 km s~^ to 
extract loop 3 and related features in the Galactic center in the present study. The mass of the 
molecular gas is calculated using following equation: 

MC^CO) = umuY.[D^QN{R2)] (2) 

where u is the mean molecular weight which is assumed to be 2.8, mn is the atomic hydrogen 
mass, D is the distance of loop 3, 8.5 kpc, and Q is the solid angle subtended by a unit grid 
spacing 4' x 4'. Two values of the X-factor, 0.24 x 10^° cm-^ (K km s"^)"^ (Oka et al. 1998a) 
and 0.6 x 10^° cm~^ (K km s~^)"^ (Onishi et al. 2004), were adopted. The summations were 
performed over the observed points within the 3 a contour level of the integrated intensity 
by excluding the CMZ and the Clump 1 regions, and the total molecular mass of loop 3 is 
calculated to be 1.9 x IO^Mq and 4.8 x IO^Mq, respectively, for the two X-factors. 

Although ^'^CO observations are confined to 6< 1°, ^^CO column densities are calculated 
by assuming the local thermodynamic equilibrium (LTE) to estimate the lower limit of the 
molecular mass. The optical depth of ^^CO, r(^=^CO), was calculated using following equation: 



r(^^CO) = -ln 



1 



(3) 



5.29 X (J(Tcx)- 0.164) 

where Tj^(^^CO) and Tex are the radiation temperature and the excitation temperature of ^^CO 
respectively. J(T) is defined as J(T) = 1/ [exp(5.29/T) - 1]. A^(^^CO) was estimated from 
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iV(i3C0) = 2.42 X 10 



,14 



(4) 



l-exp(-5.29/Tex)) 



where AV is the CO hnewidth. CO) is calculated for each observed position which 

matches the observed position in ^^CO. In this study, ^^CO peak temperatures are adapted 
for Tex, because ^^CO is usually optically thick. A^(H2) is estimated by assuming that the 
[H2]/[^^C0] ratio is 1 x 10^ (Lis & Goldsmith 1989) which is the value of Sgr B2. The summa- 
tions were performed in the same way as CO, and total mass was derived to be 1.7 x IO^Mq. 
If we assume that the [H2]/[^^C0] ratio is 5 x 10^ (Dickman 1978) which is the average value 
of local clouds, total mass is calculated to be 8.3 x lO^M©. 

Hi column densities were calculated assuming that the Hi 21 cm line is optically thin 
and Ts ^hv/k. The following equation was used. 



In ^^CO we set an integration range as 30 km s~^ <V< 200 km s^^, but the foreground 
component is significant in < 50 km s~^ for Hi gas. Therefore, we calculated the Hi column 
density by setting an integration range of 50 km s~^ < V" < 200 km s~^. The summations were 
performed by the same as ^^CO, and total mass was derived to be 1.4 x IO^Mq. 

The cloud masses estimated in ^^CO, ^'^CO and Hi for loop 3 are summarized in Table 
3. The Hi and the molecular masses are comparable. By adopting each of the molecular and 
atomic masses is ~ 1.5 x lO^M©, the total gaseous mass in loop 3 is derived as ~ 3.0 x IO^Mq. 




(5) 
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5. Discussion 



5.1. Physical Properties of Loop 3 

Figure 3b shows that the molecular gas in loop 3 has broad spans of ~ 100 km s~^ in 
the both ends at / ~ 355?5 and ~ 358?3 and they are the broad features a and d in Tables 1 
and 2. We identify the two features as the foot points of loop 3 by considering the compact 
and broad properties similar to those of loops 1 and 2. The nearly monotonic velocity gradient 
between the both ends, ~ 80 km s"^ over ~ 2 degrees in /, is also consistent with the kinetic 
properties of loops 1 and 2 (Figure 5). These properties meet the observational properties of a 
magnetic loop described in section 3.2 but do not meet the properties of a feature created by a 
supershell due to multiple supernova explosions; supernova explosions create a curved feature 
but not a feature with a uniform velocity gradient in the Galactic longitude-velocity diagram 
shown in Figure 3b (Fukui et al. 2006). Figure 10 gives a schematic view of loop 3. 

The distance of loop 3 from the Galactic center is not certain because of the unknown 
kinematics in the nuclear gas disk. The position of loop 3 in the velocity galactic longitude 
diagram is apparently forbidden in pure rotation and some radial motion either expansion or 
contraction in the order of 100 km s~^ is definitely required. If we assume that loop 3 is located 
at a radius from the Galactic center, the projected outer longitude, —5°, poses a lower limit in 
the radius to be ~ 750 pc. Since the magnetic instability requires a large field strength under 
a strong stellar gravity, loop 3 must be within 1.2 kpc of the center where the stellar gravity 
force is stronger than that in the solar vicinity by a factor of 10. We thus tentatively assume 
that loop 3 is located along a ring of ~ 1 kpc radius from the center. More discussion will be 
found in section 5.4. 

The kinetic energy involved in loop 3 is estimated to be ~ 1.7 x 10^^ ergs for a total 
mass of ~ 3.0 x IO^Mq and a velocity dispersion of ~ 30 km s~^, the average velocity dispersion 
of all the observed positions in loop 3. This kinetic energy is too large to be explained by a 
single supernova explosion and the spatial extent, ~ 600 pc, is too large to be explained by a 
star cluster to form a supershell. This is consistent with an interpretation that loop 3 is due to 
magnetic floatation by the Parker instability, the same mechanism for loops 1 and 2. 

If we assume the energy equi-partition between molecular gas kinetic energy and mag- 
netic field energy following Fukui et al. (2006), the equation of energy conservation is written 
as; 

1 

-fimunAV^ = — (6) 

2 071 

where n is mean molecular weight including molecular hydrogen and 20% of helium atom in 
number, n is density of neutral particles, AV is the turbulent velocity of molecular gas, and 
B is the magnetic field. Magnetic field is estimated as ~ 150 fiG by taking n ~ 100 cm~^ and 
AV ~ 30 km s~^, similar values with loops 1 and 2. The Alfven speed, Va, is estimated as 
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Va = B j ^f^np = 24 km s~^. Magnetic loops typically rise up at a velocity of ~ VA(Matsumoto 
et al. 1988), and the time scale of this flotation, tioops is derived as tioops = ^/Va ~ 10^ yr, where 
h is the height of loop 3. 

5.2. Comparison with Loops 1 and 2 

Physical properties of loops 1, 2 and 3 are presented in Table 4. Loop 3 is similar to 
loops 1 and 2 in the height and the length but is different from loops 1 and 2 in the morphology; 
loops 1 and 2 show clear loop-like features whose inside show no molecular emission, while loop 
3 shows a dome-like feature whose inside is filled with the molecular emission. 

Another difference is the relative weakness in intensity of the foot points in loop 3 as 
compared to loops 1 and 2. Foot points of a loop are formed by the falling down motion of 
the gas onto the galactic plane (Matsumoto et al. 1988). In order to measure the degree of 
mass-wise difference of the foot points we have estimated the line intensity ratios between the 
foot point regions and the entire loop as listed in col. (8) of Table 4. The ratios of loops 1 and 
2 are calculated together because loops 1 and 2 are overlapped at the foot point, making it 
difficult to separate each contribution. Table 4 shows that the ratio of loop 3 is about a half of 
that of loops 1 and 2. 

When we consider the intensity ratio of the foot point, the curvature of a magnetic loop 
is also important. For the gas in a magnetic loop having a smaller curvature or flatter top, the 
effective gravity for the gas is less. Therefore, the gas in such a magnetic loop tends to remain 
in the loop and one expects the loop shows a lower intensity ratio. It is uncertain to compare 
curvatures of loops 1, 2 and 3 quantitatively due to the projection effect. The projected length 
of loop 3 is twice as large as that of loop 1 and 4 times larger than that of loop 2. This might 
suggest that loop 3 has a smaller curvature and offer another explanation that the foot points 
of loop 3 are less developed than those of loops 1 and 2. 

Finally in this subsection, we suggest that Clump 1 is another candidate for a magnetic 
loop as suggested by its velocity gradient. It may be a young one in the earliest phase of 
floatation. Searches for similar small loops must be of considerable interest in order to shed 
light on the initiation of flotation. 

5.3. Hi Protrusion 

Figure 7a shows that the protrusion of the Hi gas is located in 357° < / < 358° and 
2° <b< 4°. This feature has velocity of ~ 100 km s~^ and is not a foreground component. The 
positions of the Hi protrusion meets the center of loop 3 at (/, b) ~ (357?5, 2°) and is within 
the velocity range of loop 3. Therefore, we suggest the H I protrusion is possibly associated 
with loop 3. The Hi protrusion has no CO counterpart, implying its low density. 

Figure 8a shows the present Hi protrusion resolved with a 16' beam. The protrusion 
is confined to ~ 1° towards Galactic longitude of ~ 357° and elongated by ~ 2° in Galactic 
latitude nearly perpendicular to the Galactic plane. We also note that the Hi protrusion shows 
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a velocity gradient towards the northern top in Figure 8b. 

It is interesting to note that the two ^^CO mini-loops are seen in a velocity range around 
100-120 km s~^ in Figure 4, which may be parts of loop 3. The multiple broad features of 
~ 50 km s~^, c and d listed in Tables 1 and 2, may represent the foot points of these loops. 
Multiple loops are in fact formed simultaneously on the surface of the Sun (e.g., Young et al. 
2007). If the Hi protrusion trajectory is extrapolated to the lower side along the Galactic 
longitude, the trajectory coincides with the "valley" between the two mini-loops (Figure 8a). 
We may speculate that the origin of the protrusion is magnetic reconnection between the mini- 
loops or spur (e.g., Matsumoto et al. 1988). Magnetic reconnections likely occur at a valley 
between the magnetic loops because the magnetic fields have opposite directions and in contact 
with each other. The velocity gradient in Figure 8b is consistent with the deceleration in the 
ejection scenario from the Galactic plane either by the magnetic reconnection or spur since the 
acceleration does not work at higher latitudes where the magnetic field becomes weaker. 

We shall here compare the energy of the magnetic fields and the Hi protrusion. ^^CO 
mini-loops have a width of 40 pc and a height of 100 pc. Therefore, we consider the volume in 
which magnetic reconnection occurs as 40 pc x 40 pc x 100 pc. If we assume that the magnetic 
field of 150 fiG flow into the space at a velocity of 0.1 x Va in a time scale of tioops, then the 
energy of magnetic field is estimated at Eb^^^ ^ 3 x 10^^ ergs. On the other hand, energy of Hi 
protrusion under the influence of the gravitational potential is calculated using Miyamoto-Nagai 
potential modified by Sofue (1996). The equation is expressed by {R,z) coordinates where R 
and z is the distance from galactic rotation axis and galactic plane, respectively, and consists 
of 4 mass components as follows: 



i=l 



(7) 

.(i?2 + (ai + (z2 + 6p--- 

where Mi, ai, and are the mass, scale radius, and scale thickness of ith mass component. 
Mi, ai, and bi fitted by Sofue (1996) are summarized in Table 5. Hi protrusion mass, Mprot, is 
estimated at 1.5 x IO^Mq. The integrated intensity peak is located at 6 ~ 3°, and therefore we 
consider the energy that a Hi cloud of 1.5 x IO^Mq is lifted up to 500 pc from Galactic plane 
under the influence of gravity. We consider the two cases, the H I gas is lifted up from z = 
pc and 300 pc, i.e., Mprot($(i?, 0) - $(i?, 500)) = Eo{R) and Mp™t($(i?, 300) - <^{R, 500)) = 
EsooiR)- Figure 9 shows plots of Eq{R), Esoq{R) and Eb-^^- In the case of Eq{R), Eb^^ exceeds 
the gravitational potential energy in the region of i? ^ 800 pc. In the case of E^qq{R)^ Eb^^ 
exceeds in the region of i? ^ 600 pc. In such cases, if part of the magnetic energy is converted 
into the Hi protrusion kinetic energy through magnetic reconnections, the reconnections are 
able to explain the energy of the Hi protrusion. The following discussion in section 5.4 suggests 
that loop 3 is located at a radius from 750 pc to 1.2 kpc from the center. 
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5.4- Kinematics and Location of Loop 3 

The kinematics with non-circular motions in the nuclear gas disk is explained in terms 
of the stellar bar driven potential (Binney et al. 1991). This is a viable way to create general 
non-circular motions in the Galactic center as demonstrated by numerical simulations by these 
authors. The magnetic flotation is also able to create radial motions as a result of magneto- 
rotational instability followed by the Parker instability (Machida et al. 2009). In fact, the 
magnetic instability should work also in the bar-like gravitational potential and the two models 
are not exclusive. It is desirable in future to test how the magnetic instability works on the gas 
dynamics in a bar-like potential. 

The global numerical simulations of magnetic instabilities by Machida et al. (2009) 
indicates that the m = 1 mode becomes dominant in the nuclear gas disk. The three loops 1, 
2 and 3 are all located in the negative galactic longitude side of the center whereas the CMZ, 
the densest molecular aggregation, is located in the opposite side of the center. We note that 
this global molecular distribution is consistent with the results of Machida et al. (2009). 

All the molecular gas of loop 3 has positive velocities. If we assume that loop 3 is on 
part of a circle centered at Sgr A*, we are able to constrain the radius to be 750 pc to 1.2 kpc 
by considering that loop 3 have to be within ~ 1 kpc where the stellar gravity force is high 
enough for the strong magnetic field of ~ 0.1 mG required for the Parker instability and by its 
projected position. Observations also support to locate loop 3 within ~ 1 kpc of the center, 
since there are no such broad features outside 8 degrees in Galactic longitude in the NANTEN 
GPS dataset. We then estimate the velocity of loop 3 on the assumption that loop 3 is part 
of a circle centered at the Galactic center. The radius of the circle is assumed to be 1 kpc. 
We also assume that loop 3 is uniformly expanding but is not contracting by considering the 
expanding motion of the molecular ring, EMR. The velocity with respect to the LSR is then 
expressed as follows for /; 

1 

R ( R? \ J? 

l^ = 'Kot-^sin/ + Vcxpf l--^sin^/j ± ^faiicosa-^ sin/ - l/gunsin/ (8) 

where i?o is the distance of the sun from the Galactic center of 8.5 kpc, R is the distance of 
loop 3 from the Galactic center, V^ot is the rotation velocity, V"exp is the expansion velocity, ^fau 
is the falling velocity along the loop, V^un is the rotation velocity of the LSR about the center 
of 220 km s~^, and a is the angle between the loop and the galactic plane at the foot point. 
This relation is solved for the two conditions at the two foot points that (/, = (359°, 130 
km s~^) and (355°, 20 km s~^) assuming that Vfaii — Va at foot points (Matsumoto et al. 1988). 
With Va of 24 km s~^, a rotational velocity and an expansion velocity are derived as ~ 80 km 
s~^ and ~ 130 km s~^, respectively. 
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6. Conclusions 



We have discovered a molecular dome-like feature towards 355° < / < 359° in 0° < 6 < 2°. 
The large velocity dispersions, 50-100 km s~^, of the feature indicate that it is located in 
the Galactic center, most probably within ~ 1 kpc of Sgr A*. The distribution has a projected 
length of ~ 600 pc and height of ~ 300 pc from the Galactic disk and shows a large-scale velocity 
gradient of ~ 130 km s~^ per ~ 600 pc. The feature is also associated with the Hi gas having a 
more continuous spatial and velocity distribution than that of ^^CO. We interpret the feature 
as one of the magnetically floated loops, similar to the first two magnetically floated loops 1 
and 2 (Fukui et al. 2006), and name it "loop 3". Loop 3 shares common observed properties 
in its height and length with loops 1 and 2. We have also identified two foot points having 
broad linewidths at the both ends of loop 3, and they are a typical observational signature of 
a magnetically floated loop. It seems different from loops 1 and 2 in shape since the inner part 
of loop 3 is filled with molecular emission. Hi, i^CO and ^^CO datasets were used to estimate 
the total mass and kinetic energy of loop 3 to be ~ 3.0 x IO^Mq and ~ 1.7 x 10^^ ergs. The 
huge size, velocity dispersions and energy are consistent with the magnetic flotation as in case 
of loops 1 and 2 but are difficult to be explained by multiple stellar explosions. We argue that 
loop 3 is in an earlier evolutionary phase than loops 1 and 2, where the loop still has rising 
components from the disk and the shape of the loop top is not well established like in loops 
1 and 2. This discovery indicates that the negative longitude side of Sgr A* is dominated by 
three well developed magnetically floated loops. 

We greatly appreciate the hospitality of all staff members of the Las Campanas 
Observatory of the Carnegie Institution of Washington. The NANTEN telescope was oper- 
ated based on a mutual agreement between Nagoya University and the Carnegie Institution of 
Washington. We also acknowledge that the operation of NANTEN can be realized by contribu- 
tions from many Japanese public donators and companies. This work is financially supported 
in part by a Grant-in- Aid for Scientific Research (KAKENHI) from the Ministry of Education, 
Culture, Sports, Science and Technology of Japan (Nos. 15071203 and 18026004) and from 
JSPS (Nos. 14102003, 20244014, and 18684003). This work is also financially supported in 
part by core-to-core program of a Grant-in-Aid for Scientific Research from the Ministry of 
Education, Culture, Sports, Science and Technology of Japan (No. 17004). 



14 



References 



Bania, T. M. 1977, ApJ, 216, 381 
Bania, T. M. 1980, ApJ, 242, 95 

Bania, T. M., Stark, A. A., & Heiligman, G. M. 1986, ApJ, 307, 350 

Binney, J., Gerhard, O. E., Stark, A. A., Bally, J., & Uchida, K. I. 1991, MNRAS, 252, 210 
Bitran, M., Alvarez, H., Bronfman, L., May, J., & Thaddeus, P. 1997, A&AS, 125, 99 
Dame, T. M., & Thaddeus, P. 2008, ApJ, 322, 706 
Dame, T. M., et al. 1987, ApJ, 322, 706 
Dickman, R. L. 1978, ApJS, 37, 407 

Fukui, Y., Iguchi, T., Kaifu, N., Chikada, Y., Morimoto, M., Nagane, K., Miyazawa, K., & Miyaji, T. 

1977, PASJ, 29, 643 
Fukui, Y., et al. 2006, Science, 314, 106 
Glisten, R., & Henkel, C. 1983, A&A, 125, 136 

Glisten, R., & Philipp, S. D. 2004, in Proc. the Fourth Cologne-Bonn-Zermatt Symposium ed. 

S. Pfalzner, C. Kramer, C. Staubmeier, A. Heithausen (Heiderberg: Springer), 253 
Hiittemeister, S., Wilson, T. L., Bania, T. M., & Martin-Pintado, J. 1993, A&A, 280, 255 
Horiuchi, T., Matsumoto, R., Hanawa, T., & Shibata, K. 1988, PASJ, 40, 147 
Kutner, M. L., & Ulich, B. L. 1981, ApJ, 250, 341 
Lis, D. C., k Goldsmith, P. F. 1989, ApJ, 337, 704 
Machida, M. et al. 2009, accepted to PASJ 

Martin, C. L., Walsh, W. M., Xiao, K., Lane, A. P., Walker, C. K., & Stark, A. A. 2004, ApJS, 150, 
239 

Matsumoto, R., Horiuchi, T., Shibata, K., k Hanawa, T. 1988, PASJ, 40, 171 

McClure-Griffiths, N. M., Dickey, J. M., Gaensler, B. M., Green, A. J., Haverkorn, N., k Strasser, S. 

2005, ApJS, 158, 178 
Miyamoto, M., k Nagai, R. 1975, PASJ, 27, 533 
Morris, M., k Serabyn, E. 1996, ARA&A, 34, 645 
Morris, M., Uchida, K., k Do, T. 2006, Nature, 440, 308 

Ogawa, H., Mizuno, A., Hoko, H., Ishikawa, H., k Fukui, Y. 1990, Int. J. Infrared Millimeter Waves, 
11, 717 

Oka, T., Geballe, T. R., Goto, M., Usuda, T., k McCall, B. J. 2005, ApJ, 632, 882 
Oka, T., Hasegawa, T., Hayashi, M., Handa, T., k Sakamoto, S. 1998a, ApJ, 493, 730 
Oka, T., Hasegawa, T., Sato, F., Tsuboi, M., k Miyazaki, A. 1998b, ApJS, 118, 455 
Onishi, T., Mizuno, N., Fukui, Y. k the NANTEN group. 2004, in Proc. the Fourth Cologne- 
Bonn-Zermatt Symposium ed. S. Pfalzner, C. Kramer, C. Staubmeier, A. Heithausen (Heiderberg: 
Springer), 203 
Parker, E. N. 1966, ApJ, 145, 811 

Rodriguez- Fernandez, N. J., Martin-Pintado, J., Fuente, A., de Vicente, P., Wilson, T. L., k 

Hiittemeister, S. 2001, A&A, 365, 174 
Scoville, N. Z., Solomon, P. M., k Penzias, A. A. 1975, ApJ, 201, 352 
Sofue, Y. 1996, ApJ, 458, 120 

15 



Tsuboi, M., Handa, T., & Ukita, N. 1999, ApJS, 120, 1 

Young, P. G., Del Zanna, D., Mason, H. E., Doschek, G. A, Culhane, L., & Hara, H. 2007, PASJ, 59, 
S727 

Yusef-Zadeh, F., Hewitt, J. W., & Cotton, W. 2004, ApJS, 155, 421 
Yusef-Zadeh, F., Morris, M., & Chance, D. 1984, Nature, 310, 557 



16 



Tabic 1: Observed properties of ^^CO broad linewidth features 



Temperature peak position 



Name 


^min 


^max 


^min 


^max 


I 


b 


^LSR 




I'LSR.moan 


AV 


comcnts 




n 


n 


n 


n 


n 


n 


(km s^i) 


(K) 


(km s^-"^) 


(km s^"'^) 




a 


355.40 


355.67 


0.40 


0.87 


355.47 


0.67 


67 


9.5 


72 


54 


MGC 355.5-0.7* 


b 


355.87 


355.93 


0.73 


1.33 


355.93 


0.87 


62 


6.4 


62 


13 




c 


356.20 


356.27 


0.67 


1.13 


356.20 


0.80 


105 


5.5 


106 


10 




d 


357.93 


358.27 


0.33 


0.93 


357.93 


0.40 


104 


5.1 


97 


27 





'f Mean LSR velocity weighed by the intensity. 
Named in the present study. 



Table 2: Physical properties of CO broad linewidth features 



Name 


R* 


A/t 




(pc) 


(105 Afo) 


a 


32 


1.4-3.4 


b 


23 


0.33-0.83 


c 


20 


0.14-0.36 


d 


28 


0.31-0.78 



* Effective radii defined as i? = {A/tt)^-^, where A is the 
total cloud surface area. The distance is assumed to be 
8.5 kpc. 

t Calculated using X-factors of 0.24 x 10^° cm~^ (K km 
s-i)-i (Oka ct al. 1998a) for lower value and 0.6 x 10^° 
(cm~2 (K km s"i)"i) (Onishi ct al. 2004) for higher 
value. 
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Table 3: ^^CO, ^^CO and Hi cloud mass 



X 


1 CiCi Ciiij" 




IClli \^*- iVlli of) 










1 .y X lu 


0.6 X 10^" 


Onishi et al. 2004 


4.8 X 10^ 


[tl2\l[ 




ivl \ \U\J j 








o X lu 




u.oo X lu 


1 X 10^ 


T.is and Ooldsmith 1 Q8Q 


1.7 X 10^ 


Integrated range 




M(Hi) 


(km s-i) 






30-200 




2.1 X 10^ 


50-200 




1.4 X 10^ 



Table 4: Physical properties of molucular loops 



Name 


Extent in I 

n 


Extent in b 

n 


Extent in Vlsr 
(km s-i) 


A* 
(pc) 


h* 
(pc) 


M 

(Me) 


Wtot(i^CO) 


loop 1 


356-358 


0.0-1.5 


-180—90 


300 


220 


1.7x lO^t 


0.35t 












loop 2 


355-356 


0.5-2.0 


-90—40 


150 


300 






loop 3 


355-359 


0.0-2.0 


30-160 


600 


300 


- 3 X 10^ 


0.20 


Col.(l): 


Loop name, 


Col.(2)-(4): 


Extent in Galactic 











longitude, latitude and LSR velocity, Col. (5): Projected 

length of the loop. Col. (6): Height of the loop from 

Galactic plane {b = 0°), Col. (7): Mass of the loop. 

Col. (8): ^^CO integrated intensity ratio of foot point 

regions to entire region. 

* The distance is assumed to be 8.5 kpc. 

t Loops 1 and 2 are argued together because it is difficult 

to estimate separately. 
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Tabic 5: Parameters of Miyamoto-Nagai potential modified by Sofue 1996 



Mi 




7 

Oi 


component 


nil Ji r \ 


(kpc) 


(kpc) 




0.05 


0.00 


0.12 


nuclear 


0.10 


0.00 


0.75 


bulge 


1.60 


6.00 


0.50 


disk 


3.00 


15.00 


15.00 


halo 
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Fig. 1: Velocity-integrated intensity maps of ^^CO {J = 1-0) emission observed with NANTEN. 
The lowest contour level is 20 K km s~^ and denoted by the thick line. Contours are plotted at 
20, 60, 100, 220, 340, 460, 820, 1180, 1540, 1900 K km s-\ (a) The integrated velocity range 
is from -300 km s~^ to -20 km s~^. The region of loops 1 and 2 is denoted by the solid line, (b) 
The integrated velocity range is from 20 km s~^ to 300 km s~^. The region of loop 3 is denoted 
by the broken line. (Color Online) 
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Galactic Longitude (degrees) 

Fig. 2: Galactic longitude- velocity diagram of '^^CO ( J = 1-0) emission observed with NANTEN. 
The integrated galactic latitude range is from — 5?0 to 5?0. The lowest contour level and the 
contour intervals are 0.20 K deg and 0.15 K deg, respectively. The region of loops 1 and 2 is 
denoted by the solid line. The region of loop 3 is denoted by the broken line. (Color Online) 
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Galactic Longitude (degrees) 

Fig. 3: Integrated intensity maps of ^^CO (J = 1-0) emission, (a) Velocity-integrated intensity 
map. The integrated velocity range is from 30 km s~^ to 200 km s~^. The lowest contour level 
is 10 K km s~^ and denoted by the thick line. The contour intervals are 60 K km s~^ and 30 
K km s~^ level is plotted in addition, (b) Galactic longitude- velocity diagram. The integrated 
galactic latitude range is from — 0?50 to 2?0. The lowest contour level (thick line) and the 
contour intervals are 0.25 K deg and 0.50 K deg, respectively, (c) Velocity-galactic latitude 
diagram. The integrated galactic longitude range is from 354?0 to 0?0. The lowest contour 
level is 0.58 K deg and denoted by the thick line. The contour intervals are 1.74 K deg and 
1.16 and 1.74 K deg levels are plotted in addition. The gray broken line in (a) and (c) indicate 
b = 0°. (Color Online) 
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Fig. 4: Velocity channel maps of ^^CO (J = 1-0) emission. The lowest contour level is 8.7 K 
km s~^. The contour intervals are 10 K km s~^ until 38.7 K km s~^ and then 20 K km s~^. 
The last panel is same as Figure 3a (Color Online) 
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Fig. 5: Velocity centroid map of CO (J = 1-0) emission. Data are smoothed to 5'2 beam size 
and 8' grid size. Contours are from Figure 3a. (Color Online) 
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Galactic Longitude (degrees) 



Fig. 6: (a) Velocity-integrated intensity map of CO (J = 1-0) emission. The integrated 
velocity range is from 30 km s~^ to 200 km s~^. The lowest contour level and the contour 
intervals are 8.0 K km s~^ and 10 K km s~^, respectively, (b) Galactic longitude-velocity 
diagram of ^^CO (J = 1-0) emission. The integrated galactic latitude range is from — 0?50 to 
1?0. The lowest contour level and the contour intervals are 5.9 xlO~^ K deg and 7.9 xlO~^ 
K deg, respectively, (c) Velocity-galactic latitude diagram of ^'^CO (J = 1-0) emission. The 
integrated galactic longitude range is from 354?0 to 0?0. The lowest contour level and the 
contour intervals are 8.9 xlO~^ K deg and 0.15 K deg, respectively, (d) Velocity-integrated 
intensity map of ^^CO and ^^CO (J = 1-0) emission. The gray scale image and lowest level 
contour denoted by the thik line indicate ^^CO emission and are same as Figure 3a. Contours 
denoted by the thin line indicate ^^CO emission and are same as Figure 6a. (e) Galactic 
longitude-velocity diagram of ^^CO and ^^CO (J = 1-0) emission. The gray scale image and 
lowest level contour denoted by the thik line indicate ^^CO emission and are same as Figure 
3b. Contours denoted by the thin line indicate ^^CO emission and are same as Figure 6b. 
(f) Velocity-galactic latitude diagram of ^^CO and ^^CO (J = 1-0) emission. The gray scale 
image and lowest level contour denoted by the thik line indicate ^^CO emission and are same 
as Figure 3c. Contours denoted by the thin line indicate ^^CO emission and are same as Figure 
6c. (Color Online) 
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Galactic Longitude (degrees) 

Fig. 7: (a) Velocity-integrated intensity map of Hi emission. The integrated velocity range 
is from 50 km s~^ to 200 km s~^. The lowest contour level and the contour intervals are 42 
K km s~^ and 80 K km s~^, respectively. In addition, 82 K km s~^ level is plotted, (b) 
Galactic longitude- velocity diagram of Hi emission. The integrated galactic latitude range is 
from — 0?50 to 4?5. The lowest contour level is 0.76 K deg. The contour intervals are 3.0 K 
deg until 43 K deg and then 15 K deg. (c) Velocity-galactic latitude diagram of Hi emission. 
The integrated galactic longitude range is from 354?0 to 0?0 The lowest contour level is 0.49 
K deg. The contour intervals are 2.0 K deg until 21 K deg, 8.0 K deg from 21 K deg to 81 K 
deg and then 15 K deg. (Color Online) 
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Fig. 7: (d) Velocity-integrated intensity map of Hi and ^^CO (J=l-0) emission. The gray scale 
image and lowest level contour denoted by the black line indicate H I emission and are same as 
Figure 7a. Contours denoted by the gray line indicate ^^CO emission. The integrated velocity 
range is from 30 km s~^ to 200 km s~^. The lowest contour level and the contour intervals 
are 10 K km s~^ and 60 K km s~^, respectively, (e) Galactic longitude- velocity diagram of Hi 
and ^^CO (J = 1-0) emission. The gray scale image and lowest level contour denoted by the 
black line indicate Hi emission and are same as Figure 7b. Contours denoted by the gray line 
indicate ^^CO emission and are same as Figure 7b. (f) Velocity-galactic latitude diagram of Hi 
and ^^CO (J = 1-0) emission. The gray scale image and lowest level contour denoted by the 
black line indicate H I emission and are same as Figure 7c. Contours denoted by the gray line 
indicate ^^CO emission and are same as Figure 7c. (Color Online) 
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Fig. 8: (a) Velocity-integrated intensity map of Hi protrusion and ^^CO mini-loops. Hi: The 
integrated velocity range is from 80 km s~^ to 170 km s~^. The lowest contour level and the 
contour intervals are 21 K km s~^ and 20 K km s~^, respectively. Only the lowest contour and 
the protrusion componet are plotted. ^^CO (J = 1-0): The integrated velocity range is from 
100 km s~^ to 140 km s~^ The lowest contour level and the contour intervals are 10.4 K km 
s~^ and 20.8 K km s~^, respectively. The dashed lines indicate two ^^CO mini-loops and the 
arrow indicate the Hi protrusion trajectory, (b) Close-up view of Hi protrusion. The contour 
levels are same as (a) Numbers indicate the LSR velocities in km s~^. (Color Online) 
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Fig. 9: Single logarithmic plot of the energy versus the distance from galactic rotation axis. 
The solid line, the broken line and the dashed line are the gravitational potential energy from 
^ = pc to z = 500 pc, the gravitational potential energy from z = 300 pc to 2; = 500 pc and 
the magnetic energy, respectively. 
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Fig. 10: Schematic views of the velocity integrated map and the Galactic longitude- velocity 
map. 
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